In the zebrafish, the dynamic expression of the activininhibin-follistatin system during folliculogenesis and its exclusive localization (except follistatin) in follicle cells suggests that the system plays important roles in follicle development and that its expression is subject to tight controls, probably by external factors including those derived from the oocyte. We have previously identified zebrafish bone morphogenetic proteins (BMPs) as oocyte factors that may act on follicle cells; however, the targets of BMPs in the follicle cells remain unknown. Considering their spatiotemporal expression in the follicle, we hypothesized that members of the activin-inhibin-follistatin system in follicle cells could be potential target genes of BMPs. In the present study, we developed a novel coculture system to co-incubate zebrafish bone morphogenetic protein 2b or 4 (zfBMP2b/4)-producing Chinese hamster ovary (CHO) cells with zebrafish follicle cells. During incubation, the zfBMPs secreted from the CHO cells would act directly on the follicle cells in a paracrine manner. Our results showed that all activin beta subunits (inhbaa, inhbab, and inhbb) were down-regulated by both zfBMP2b and zfBMP4, while follistatin (fst, an activinbinding protein) and inhibin alpha (inha, an activin antagonist) were significantly up-regulated. The specificity of bone morphogenetic protein (BMP) actions was confirmed by short interfering RNA knockdown of zfBMP4 expression in the CHO cells. The robust response of inha to zfBMPs, together with our previous observation that inha expression surged at the fullgrown stage prior to oocyte maturation, led us to hypothesize that the full-grown oocyte may signal upper levels of the hypothalamic-pituitary-gonadal axis its readiness to mature by releasing BMPs, which in turn stimulate inhibin production. As an ovarian hormone and activin antagonist, inhibin may suppress the action of activin in the pituitary to reduce follicle-stimulating hormone but increase luteinizing hormone (LH) biosynthesis. Meanwhile, by increasing the local follistatin level and reducing the activin production, BMPs could help prevent precocious maturation before preovulatory LH surge.
INTRODUCTION
In vertebrates the development and function of the ovary is controlled mainly by gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), from the pituitary [1, 2] . However, it is well known that various local factors from the ovary also play important roles in regulating follicle growth and maturation in an endocrine, paracrine, or autocrine manner [3] . Among the best-characterized intraovarian factors are members of the activin-inhibin-follistatin system [4] [5] [6] [7] .
Activin and inhibin are both dimeric molecules initially purified from ovarian follicular fluid. Activin is formed by the combination of two b subunits (b A b A, b A b B, and b B b B ), whereas inhibin consists of a unique a subunit and an activin b subunit. With no structural relationships with activin and inhibin, follistatin acts as a binding protein for activin [8, 9] . It is well known that the activin-inhibin-follistatin system plays an important role in regulating gonadotropin biosynthesis and release in the pituitary. In mammals, activin stimulates whereas inhibin and follistatin inhibit FSH production in the pituitary without any effect on LH [10] . However, activin stimulates FSH b (fshb) but suppresses LH b (lhb) expression in several fish species including the zebrafish [11] [12] [13] , whereas follistatin reverses activin actions on both FSH and LH [13] [14] [15] .
In the zebrafish ovary, members of the activin-inhibinfollistatin system exhibit dynamic changes in expression during folliculogenesis, which is divided into the following stages according to the ovary's size and shape: primary growth (PG), pre-vitellogenic (PV), early vitellogenic (EV), mid-vitellogenic (MV), late vitellogenic (LV), and fullygrown (FG) stage [16] [17] [18] . The expression of activin b A1 (inhbaa) is low at PG stage but increases dramatically during follicle growth; however, after reaching the peak at MV stage, its expression level drops slightly but significantly at FG stage [17] . By comparison, activin b A2 (inhbab) increases its expression steadily during follicle growth, reaching the highest level at FG stage prior to oocyte maturation [19] . On the other hand, activin b B (inhbb) also exhibits an increase in expression from EV stage, but the increase is much less than that of activin b A subunits. The expression of follistatin (fst) is low at PG stage, similar to that of inhbaa; however, its expression increases significantly as the follicle enters vitellogenesis. In contrast to activin subunits, there is a sharp decline in fst expression at FG stage [17] . Inhibin a (inha) has extremely low expression in PG follicles, but its expression increases steadily during vitellogenesis and surges at FG stage prior to final oocyte maturation [20] . The dynamic changes in expression of the activin-inhibin-follistatin system strongly suggest that the system is subject to tight controls at different stages of follicle development, which may involve factors from the oocyte that determine the developmental stage of the follicle. Regulation of activin-inhibin-follistatin family members by oocyte-derived factors is also suggested by their distribution within the zebrafish ovarian follicle. Unlike the epidermal growth factor (EGF) family, whose members are located mostly in the oocyte [21] , or the insulin-like growth factor (IGF) family, located in both the follicle layer and oocyte [22] , activin subunits (inhbaa and inhbb) and inha are expressed exclusively in follicle cells [20, 21, 23] , whereas fst is expressed mostly in oocytes, with low expression also detectable in cultured follicle cells [24] . The question that remains is what factors from the oocyte are involved in controlling the activin-inhibin-follistatin family in the follicle cells?
Growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) are the two most studied oocytesecreted factors that act on the neighboring granulosa cells, and part of their actions is to regulate expression of activin/inhibin subunits a, b A , and b B as well as inhibin secretion [25] [26] [27] [28] [29] [30] . Recently we showed in the zebrafish that several members of the BMP family (bmp2a, bmp2b, bmp4, bmp6, and bmp7a) are abundantly expressed in the oocyte, whereas their receptors (bmpr2a and bmpr2b) are located exclusively in the follicle layer, suggesting that BMPs may represent signals from the oocyte to regulate the follicle layer in a paracrine manner [31] . However, the target genes of BMPs in the follicle layer remain unknown. Follicle cell localization and dynamic changes of expression during folliculogenesis have led us to hypothesize that members of the activin-inhibin-follistatin system could be potential targets of BMP molecules from the oocyte. This would be similar to the action of oocyte-derived EGF family members [21] . To test this hypothesis, this study was undertaken using a novel in vitro approach that involved coculturing zebrafish follicle cells and recombinant Chinese hamster ovary (CHO) cells expressing zebrafish bmp2b (zfBMP2b) or bmp4 (zfBMP4). This was followed by analysis of the expression response of the activin-inhibin-follistatin system in the follicle cells. During incubation, the recombinant zfBMPs secreted from the CHO cells would act on the neighboring follicle cells in a paracrine manner, mimicking the situation in the follicle. Zebrafish BMP2b and BMP4 cells were chosen in this study because bmp2b expression is abundant in the follicle and its level shows the most significant change during folliculogenesis, compared with others, whereas bmp4 is the only ligand examined that shows expression in both oocytes and follicle cells [31] .
MATERIALS AND METHODS

Chemicals
All chemicals and reagents were purchased from Sigma-Aldrich, Invitrogen, and USB, unless otherwise stated. Both recombinant zebrafish BMP4 (catalog no. 1128-BM) and BMP2a (catalog no. 111-BM) were purchased from R&D Systems.
Animals
Zebrafish (Danio rerio) were purchased from local pet stores and maintained in flow-through aquaria at 288C 6 18C on a 14L:10D photoperiod. The fish were fed three times a day with commercial tropical fish food. The animals were anesthetized on ice and euthanized by decapitation before dissection. All experiments were performed under license from the Government of the Hong Kong Special Administrative Region and endorsed by the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong.
Primary Follicle Cell Culture
Approximately 40 zebrafish ovaries were dissected, and the follicles were dispersed gently using a plastic pipette. Follicles were washed with 60% L-15 medium (Gibco Invitrogen) several times in a 15-ml tube (Falcon; Becton Dickinson) and filtered through a sieve to remove large FG follicles. The filtered follicles were then washed several times with M199 medium (Gibco) and plated onto 10-cm culture dishes. Follicles were grown for 3 days at 288C in M199 medium with 10% fetal bovine serum (FBS; Hyclone). The medium was changed after 3 days. After continuous incubation for 3 more days, the follicle cells that proliferated during the 6-day incubation were trypsinized and subcultured alone in 24-well plates or in 12-well plates containing recombinant CHO cells.
Culture of CHO Cells
The CHO cell lines expressing recombinant zfBMP2b and zfBMP4 were established in our previous study [31] . A control cell line carrying the empty vector (pcDNA5/FRT; Invitrogen) was also established. CHO cell lines were maintained in F-12 medium (Gibco Invitrogen) supplemented with 6 g/L HEPES, 10% FBS, and antibiotics (streptomycin, 100 lg/ml; penicillin, 100 U/ ml). CHO cells were maintained in 10-cm culture dishes and passed twice a week when the cells reached 100% confluence.
Co-incubation of Zebrafish Follicle Cells and Recombinant CHO Cells
The zfBMP2b-and zfBMP4-producing CHO cells, as well as the control CHO cells, were seeded in 12-well plates at 200 000 cells/well in 0.5 ml of F-12 medium with 10% FBS. The CHO cells were allowed to attach within a 24-h incubation period at 378C. On the next day, the primary follicle cells after 6-day incubation were suspended and medium was changed from M199 to F-12 with 10% FBS. The suspended follicle cells (200 000 cells/ 0.5 ml of F-12) were added to the CHO cells already plated at ;50% confluence, resulting in a total of 1 ml of F-12 medium containing 400 000 cells (200 000 CHO cells and 200 000 follicle cells). The incubation temperature was reduced to 288C, which is the optimal temperature for the growth of zebrafish follicle cells and the production of recombinant zfBMPs by CHO cells. After 24 h of co-incubation, the follicle cells became attached to the well surface. Cells were washed once with 1 ml of F-12, and the medium was changed to serum-free F-12 medium (0.5 ml/well) for a 24-h co-incubation. At the end of the incubation, total RNA was extracted from each well with Tri-Reagent (Molecular Research Center) for reverse transcription and quantification of gene expression. For the control, the CHO cells that carried empty vector were seeded at 200 000 cells/well, followed by addition of 200 000 follicle cells. In the dose response experiment, the lower dose included 100 000 zfBMP-producing CHO cells plus 100 000 control CHO cells, followed by addition of 200 000 follicle cells, resulting in a total of 400 000 cells per well, whereas the higher dose treatment included 200 000 zfBMP-producing CHO cells with 200 000 follicle cells.
Gene Knockdown in CHO Cells by Short Interfering RNA Transfection
The short interfering RNA (siRNA) targeting zebrafish bmp4 (duplex of 5 0 AUGGGAAAGUUUCGACGUUUU 3 0 and 5 0 AACGUCGAAACUUUCC CAUUU 3 0 ) was designed with the online BLOCK-iT RNAi (RNA interference) Designer (Invitrogen) and synthesized by Integrated DNA Technologies (IDT). A total of 6 pmol of siRNA duplex was diluted with 100 ll of F-12 medium free of serum and antibiotics. One microliter of Lipofectamine RNAiMAX (Invitrogen) was added to the diluted siRNA duplex, followed by mixing and incubating at room temperature for 20 min. The complex (;100 ll) was added to the recombinant or control CHO cells (200 000 cells/500 ll/well), resulting in a total of 600 ll and final siRNA concentration of 10 nM. The transfected CHO cells were incubated at 378C for 24 h. Follicle cells were then added to the transfected CHO cells and incubated at 288C for 24 h. Starvation was performed as described previously. Cocultured cells were collected in Tri-Reagent for RNA extraction, followed by reverse transcription.
RNA Isolation and Reverse Transcription
Total RNA was isolated from cultured cells by using Tri-Reagent according to the manufacturer's instruction. Total RNA from each well was reverse transcribed in a 10-ll volume containing 13 Moloney murine leukemia virus (M-MLV) RT buffer, 0.5 mM of each deoxyribonucleotide triphosphate (dNTP), 0.5 lg of oligo(dT), 0.1 mM dithiothreitol (DTT), and LI AND GE (Table 1) .
Real-Time qPCR
Statistical Analysis
All real-time qPCR data were normalized to the housekeeping gene ef1a, which did not show any response to the treatments. All values were expressed as means 6 SEM, and data were analyzed by Student t-test or one-way ANOVA followed by the Dunnett test for comparison with control or the Newman-Keuls test for comparison of all pairs of groups, using GraphPad Prism 5 for Mac OS X software (GraphPad).
RESULTS
Co-incubation of Zebrafish Follicle Cells and Recombinant CHO Cells
The CHO cell line is one of the commonly used bioreactors for producing bioactive recombinant proteins. However, purification of the protein products from cultured CHO cells is both laborious and time-consuming, which often hinders the subsequent biological studies of these proteins. Coculturing recombinant CHO cells with target cells would provide an alternative approach to analyzing bioactivities of the recombinant proteins without purification. The possibility of coculturing fish and mammalian cells is based on the fact that CHO cells have higher yield of recombinant protein production when cultured in serum-free medium at lower temperature of 288C after reaching confluence [32, 33] , which happens to be the condition for culturing zebrafish follicle cells [34, 35] . Our result showed that the two cells of different origins could coexist well and healthily in the same culture, although the same type of cells tended to become aggregated (Fig. 1) . This would provide an excellent model for studying paracrine regulation of gene expression in the target cells by factors from the recombinant CHO cells.
Regulation of inhbaa, inhbab, inhbb, inha, and fst Expression by zfBMP2b and zfBMP4
When recombinant zfBMP2b-or zfBMP4-producing CHO cells (200 000 cells) were co-incubated with zebrafish follicle cells (200 000 cells) for 24 h, all activin b subunits (inhbaa, inhbab, and inhbb) were down-regulated, while the activinbinding protein follistatin (fst) and the activin antagonist inhibin a (inha) were up-regulated. zfBMP2b could reduce expression of inhbaa and inhbb to approximately 50% and Recombinant CHO cells were plated first at 200 000 cells/well for 24 h at 378C for attachment to the well surface. Zebrafish follicle cells obtained after 6 day's follicle incubation were then added to cultured CHO cells, and the temperature was lowered to 288C. After attachment, the medium was changed to a serum-free medium, and culture was continued for 24 h, followed by RNA extraction and real-time qPCR analysis of gene expression in the follicle cells. Original magnification 3100.
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increase expression of inha to more than 400%. However, the effects of zfBMP2b on inhbab and fst were not significant. The effects of zfBMP4 were more potent than those of zfBMP2b, which might be due to the higher expression level of bmp4 in the CHO cells as shown in our previous report [31] . zfBMP4 could reduce the expression of inhbaa, inhbab, and inhbb significantly to approximately 27%, 55%, and 35% respectively, while increasing the expression of fst to approximately 300% and that of inha to more than 1700% (Fig. 2) .
Dose-Dependent Effects of zfBMP2b and zfBMP4 on Activin-Inhibin-Follistatin Expression
To test whether the effects of zfBMPs were dose-dependent, we set up the coculture with different numbers of recombinant CHO cells per well (0, 100 000, and 200 000 zfBMP-producing CHO cells together with 200 000 follicle cells/well). The total number of CHO cells was maintained at 200 000 per well by supplementing with the control CHO cells.
, although the down-regulation of inhbab by zfBMP2b was not statistically significant as described above (the effect became significant at 48 h of incubation; data not shown). zfBMP2b at low concentration (100 000 CHO cells/well) could reduce expression of the activin b subunits to approximately 70%, while at the same concentration, zfBMP4 reduced them to 40%. A further suppression of inhbaa and inhbb expression was observed for both zfBMP2b and zfBMP4 at 200 000 cells/ well (Fig. 3) .
While both zfBMP2b and zfBMP4 down-regulated the expression of activin b subunits, they both up-regulated fst and inha expression significantly in a dose-dependent manner. zfBMP2b at low concentration (100 000 CHO cells/well) upregulated fst, but it was not statistically significant. The effect became significant when the expression level rose to nearly 160% with the cell number increasing to 200 000 cells/well. As for inha, zfBMP2b increased its expression significantly to approximately 210% and 340% at 100 000 and 200 000 cells/ well, respectively. Similar dose-dependent effects were also observed for zfBMP4, but it was much more potent than zfBMP2b. zfBMP4 at low concentration (100 000 CHO cells/ well) increased expression of fst to more than 250%, while at 200 000 cells/well, the effect was increased to nearly 300%. At both doses, zfBMP4 could increase the expression of inha to nearly 1500% or higher (Fig. 4) .
Effects of Pure zfBMP4 and zfBMP2a on inha Expression
To confirm the effects of the recombinant zfBMP2b and zfBMP4 from cocultured CHO cells, we also tested recombinant zebrafish BMP4 and BMP2a produced from Escherichia coli (R&D Systems) on the expression of inha, the most responsive gene of the activin-inhibin-follistatin system. Treatment of the cultured zebrafish follicle cells with the commercial zfBMP4 also up-regulated inha at 24 h of treatment, consistent with our results from the coculture experiment. The percentage of increase, however, was much less than that obtained with the coculture. The expression of inha increased only to 200%, as compared to 1500% when the coculture approach was used. This is likely because of the lower potency of the commercial molecule (median effective dose [ED 50 ], 0.2-1 lg/ml) as it is produced in E. coli, which cannot fold eukaryotic proteins properly. Also because of the low potency, we could not observe significant changes in the expression of other genes of the activininhibin-follistatin system (data not shown). Despite this, the consistent response of inha not only confirmed our finding with the coculture system but also indicated the advantages of using animal cells as the bioreactor for recombinant production of bioactive proteins. Although it would be interesting to see whether the pure form of zfBMP2b would give the same result as the coculture system, the molecule is not commercially available. Instead, we tested recombinant zfBMP2a, which was also available from R&D Systems with an ED 50 of 100-400 ng/ml. zfBMP2a also up-regulated inha at 24 h, similar to the effects of zfBMP2b and zfBMP4 produced from CHO cells (Fig. 5) .
Confirmation of zfBMP4 Action by Expression Knockdown in CHO Cells with siRNA
To further confirm the specificity of the observed effects of zfBMPs on activin-inhibin-follistatin expression in the follicle cells, we used siRNA to knock down the expression of LI AND GE zfBMP4 in the CHO cells. The siRNA was transfected into the CHO cells 24 h before addition of the follicle cells. As shown in Figure 6 , bmp4 siRNA had little effect on basal inha expression in the presence of control CHO cells; however, its transfection into the zfBMP4-producing CHO cells completely abolished the stimulatory effect of zfBMP4 on the expression of inha in the cocultured follicle cells (Fig. 6) . As a control, we also tested an siRNA targeting gdf9 in a separate experiment, 
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and it had no effect on zfBMP4-induced inha expression (data not shown).
DISCUSSION
The activin-inhibin-follistatin system, as a group of important regulators of ovarian development and function, has been well characterized in fish [3, 12, 15, 19, 20, 24, 34, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Their dynamic changes of expression during folliculogenesis [17, 19] strongly suggest that they are subject to tight regulation by external factors, including both systemic endocrine hormones and local paracrine factors. Further evidence in the zebrafish has shown that activin and inhibin subunits (a and b) are exclusively expressed in the follicle layer, whereas follistatin is expressed predominantly in the oocytes, although low expression can be detected in primary follicle cell culture as well [20, 21, 23, 24] . These lines of evidence of spatiotemporal distribution suggest that the activininhibin-follistatin system could be potential target genes of the oocyte-derived BMPs that act on the follicle cells. This hypothesis was tested in the present study, and our data showed that both zfBMP2b and zfBMP4 differentially regulated the expression of activin-inhibin-follistatin family members in follicle cells. They down-regulated all activin subunits (inhbaa, inhbab, and inhbb) but up-regulated expression of the activin antagonist inhibin (inha) and the binding protein follistatin (fst), which together would lead to an overall decrease of activin output and activity in the follicle.
In mammals, the role of oocytes in controlling activin/ inhibin biosynthesis was initially demonstrated by coculturing rat granulosa cells with bovine oocytes [47] . It has been reported that oocyte-secreted factors regulate the neighboring granulosa cells partly by modulating transcription of the activin/inhibin subunits (a, b A , and b B ) as well as by inhibin secretion [25] [26] [27] [28] [29] [30] . Among identified oocyte-secreted factors, GDF9 and BMP15 of the TGF-b superfamily have been well studied for their importance in ovarian development and function [48, 49] . GDF9 appeared to be a major factor that stimulated production of inhibin a in neonatal rat ovaries [25] and mRNA expression of activin/inhibin a, b A , and b B subunits in cultured granulosa cells [26, 29] . The stimulation of inhibin a expression by GDF9 occurs at the promoter level [28] . Similar to GDF9, BMP15 was also identified as an oocyte-derived factor. When over-expressing BMP15 in mice, the immature mice showed a decrease in the number of primary follicles and an increase in secondary follicles, while adult mice had increased numbers of atretic antral follicles, suggesting an important role for BMP15 in ensuring normal follicle growth and prevention of follicle maturation [50] . Although BMP15 did not have significant effect on activin/ inhibin subunits at the mRNA level, it inhibited FSH-induced increase in their expression presumably by suppressing FSH LI AND GE receptor (fshr) expression [30] . Furthermore, GDF9 and BMP15 may interact to stimulate inhibin production [27] .
There have been a few reports documenting the regulation of activin-inhibin-follistatin system in the ovary by other forms of BMPs in several species, including chicken, human, rat, bovine, and sheep [51] [52] [53] [54] [55] [56] . In the chicken ovary, BMP6 from the theca cells enhanced both basal and gonadotropin-induced inhibin A production and increased expression of a and b A subunits in F1, F2, F3/4 follicles and b B subunit in F3/4 cells [53] . BMP6 is also expressed in cultured human granulosa cells where it stimulated expression of the b A and b B subunits but not the a subunit [54] . In human granulosa-luteal cells, activation of BMP signaling induced b B expression and inhibin B secretion [56] . BMP4, À6, and À7 enhanced inhibin A and activin A production in bovine granulosa cells [55] , and BMP2 increased inhibin A production in sheep granulosa cells [51] . In contrast, BMP6 decreased a and b mRNA levels in cultured rat granulosa cells [52] . Despite the discrepancy in reported results, these studies in mammals and birds strongly suggest that members of BMP family actively modulate the activininhibin-follistatin system in follicle cells, in particular the granulosa cells. However, the significance of such regulation by BMPs is not well understood.
In teleosts, we have recently demonstrated BMPs as oocytederived factors in the zebrafish ovary, which may execute paracrine signaling from oocyte to follicle cells [31] . We hypothesize that with their receptors (bmpr2a and bmpr2b) exclusively expressed in follicle cells, the BMPs from the oocyte may target the activin-inhibin-follistatin system in the follicle cells as members of this system show dynamic temporal changes during folliculogenesis [17] , and they are expressed mostly in follicle cells, except for fst [20, 21, 23, 24] .
To test this hypothesis, we developed a novel coculture approach to study the regulatory actions of BMPs on the activin-inhibin-follistatin system in the follicle cells. The zfBMP-producing CHO cells [31] were co-incubated with the zebrafish follicle cells, followed by analysis of gene expression in the latter cells. In this coculture system, zfBMP2b or zfBMP4 secreted from the CHO cells acted directly on the neighboring follicle cells in a paracrine manner. This would mimic the situation in the follicle where BMPs secreted from the oocyte regulate the neighboring somatic follicle cells. In addition to mimicking the paracrine action in the ovarian follicle, the advantage of using this coculture system is the elimination of the step of concentrating and purifying the recombinant proteins produced by CHO cells. The two types of cells of different origins can be cocultured because the culture condition for optimal production of recombinant proteins by CHO cells is 288C in serum-free medium [32, 33] , which matches the optimal culture condition for the zebrafish follicle cells [24, 34, 35, 57] . To validate this system, we also confirmed the result by using commercially available recombinant zfBMP2a and zfBMP4. Furthermore, the easy transfection of the CHO cells by siRNA allows us to knock down the production of recombinant BMPs in these cells followed by monitoring the changes of gene expression in the follicle cells, allowing further manipulation of the coculture system. Interestingly, both zfBMP2b and zfBMP4 produced from the CHO cells down-regulated the three activin b subunits (inhbaa, inhbab, and inhbb) while activin inhibitors were , with the effect of zfBMP4 being more potent. The higher potency of zfBMP4 could probably be due to its higher expression level in the CHO cells than in the cell line producing zfBMP2b [31] . The increased inha expression not only antagonizes the action of activin but also diverts the biosynthesis of the molecules from activin toward inhibin, as they share the same b subunits, which further reduces the output and action of activin. The consistent effects of zfBMP2b and zfBMP4 on the target genes support the specificity of the actions, which was further confirmed by using pure recombinant zfBMP2a and zfBMP4 from a commercial supplier. The same effects of different forms of BMP proteins on activininhibin-follistatin system imply redundant roles of BMPs in ovarian development and function. This also brings up the question of why there are multiple forms of BMPs in the follicle with redundant activities. The answer to this question remains entirely unknown. Our speculation is that this may be a mechanism to safeguard against loss of the proteins because BMPs are important pleiotropic factors involved in many aspects of development and function [58, 59] .
The physiological significance of differential regulation of activin-inhibin-follistatin system by BMPs remains unknown. As both zfBMP4 and zfBMP2b suppressed activin expression while acting to increase the expression of inhibin and follistatin, the overall effect of such regulation would be a reduction of activin output and action. We and others have previously reported that activin increases oocyte maturational competence [42, 60] and promotes final oocyte maturation [41, 46] in the zebrafish. A decrease of activin presence in the follicle in response to BMPs would imply a reduction of oocyte maturation. This is supported by our recent report that zfBMP4 significantly reduced oocyte maturation rate in vitro [31] . Similarly, BMP15 also suppressed DHP or hCG-induced oocyte maturation in the zebrafish although it had no effect on spontaneous maturation [61, 62] . FIG. 7 . Hypothetical model for roles of oocyte-derived BMPs in regulating activin-inhibin-follistatin expression in the somatic follicle cells. BMPs suppressed expression of all activin b subunits (inhbaa, inhbab, and inhbb) but stimulated expression of follistatin (fst) and inhibin a subunit (inha). Follistatin and inhibin in turn further reduced activin activity as its binding protein and antagonist. In addition, inhibin may also act as an endocrine hormone that signals upper levels of the HPG axis by antagonizing the actions of activin in the pituitary, which may lead to increased LH but lowered FSH output. This, together with increased LH receptor (lhcgr) and decreased FSH receptor (fshr) in response to BMPs [63] , would contribute to the induction of synchronous oocyte maturation and ovulation.
LI AND GE
Among members of the activin-inhibin-follistatin system, the inhibin a subunit (inha) was the most responsive gene, whose expression level was increased dramatically by BMPs. This has led us to speculate that the FG oocyte prior to maturation may signal the hypothalamic-pituitary-gonadal (HPG) axis for its readiness to mature and ovulate by releasing BMPs, which in turn act on the follicle cells to increase the production of inhibin. As a well-characterized endocrine hormone, inhibin would in turn act at the pituitary level to enhance LH production while reducing that of FSH by suppressing activin [20] . Meanwhile, by suppressing activin production and action in the follicle, the oocyte-derived BMPs would help keep the oocytes in check to prevent precocious asynchronous maturation while they are activating the upper level of the HPG axis through inhibin. This hypothesis is supported by lines of indirect evidence. First, both inha and BMP receptors (bmpr2a and bmpr2b) are expressed in the follicle cells, and their expression levels reach the peak at the FG follicle prior to maturation [20, 31] . Second, zfBMP4 and zfBMP2b also differentially regulated gonadotropin receptors in the follicle cells by deceasing FSH receptor (fshr) while increasing LH receptor (lhcgr) expression [63] , which is consistent with the changes of the two receptors at the FG stage [18, 64] .
In conclusion, using a novel coculture approach to coincubate the zfBMP-producing CHO cells and zebrafish follicle cells, we characterized the regulatory effects of zfBMPs on the activin-inhibin-follistatin system in the follicle cells. zfBMP4 and zfBMP2b down-regulated all activin subunits but upregulated follistatin and inhibin a. Our findings suggest that zfBMPs are potentially important signals from the full grown oocyte to signal the HPG axis for the readiness of the oocyte to mature. By suppressing the action of local activin in promoting oocyte maturation and signaling the pituitary via inhibin, BMPs may help to prevent precocious maturation, which is essential to ensure synchronous maturation of the follicles and reproductive success (Fig. 7) . It should be noted that the present study measured only the levels of mRNAs of the activin-inhibin-follistatin system. Further studies of changes at the protein level will be essential to validate the results and to understand the physiological relevance of the findings.
